were examined. Micafungin exposures were estimated using a population pharmacokinetic model, and univariable and multivariable logistic regressions were used to identify factors associated with outcome, including the micafungin area under the concentration-time curve (AUC)/MIC ratio. Monte Carlo simulation was used to evaluate the probability of achieving AUC/MIC ratios associated with efficacy. Mycological and clinical success rates for evaluable cases were 89.4 and 90.9, respectively. MIC 50 s and MIC 90 s for Candida species inhibition were 0.008 and 0.5 mg/liter, respectively. The median AUC/MIC ratio was 15,511 (range, 41.28 to 98,716). Univariable analyses revealed a significant relationship between the AUC/MIC ratio and mycological response, with the worst response being among patients with lower (<3,000) AUC/MIC ratios (P ‫؍‬ 0.005). For patients with Candida parapsilosis, AUC/MIC ratios of >285 were predictive of a higher mycological response (P ‫؍‬ 0.11). Multivariable logistic regression demonstrated the AUC/MIC ratio, APACHE II score, and history of corticosteroid use to be significant independent predictors of a favorable response. PK-PD target attainment analyses suggested that 76.7% and 100% of patients would achieve an AUC/MIC ratio of >3,000 for an MIC of 0.03 mg/liter and an AUC/MIC ratio of >285 for an MIC of <0.5 mg/liter, respectively. The identification of a lower AUC/MIC ratio target for C. parapsilosis than other Candida species suggests consideration of species-specific echinocandin susceptibility breakpoints and values that are lower than those currently approved by regulatory agencies.
Candidemia ranks as the third or fourth most common cause of hospital-acquired bloodstream infection and is associated with the highest mortality among infections caused by nosocomial pathogens (32, 33, 40) . Numerous host and iatrogenic factors impact the outcome of this complex disease state. Two of the few variables under the control of the clinician are the drug choice and dosing regimen design of the antifungal therapy.
Anti-infective pharmacodynamic (PD) investigation is a critical tool for development of optimal dosing strategies and for establishment of definitions of clinically relevant drug resistance (2, 14) . Pharmacokinetic (PK)-PD analyses of clinical data for anti-infective agents provide the opportunity to evaluate the relationships between efficacy and drug exposure relative to drug potency (MIC). Numerous studies have demonstrated the ability to characterize these relationships for antibacterial, antifungal, and antiviral drugs (2, 11, 15) . The likelihood of detecting PK-PD relationships for efficacy is increased when individual PK data for patients with the disease process are collected, data from a sufficient number of patients are available, and variation in the drug susceptibility profile of the infecting pathogens is evident.
Advances in antifungal drug development over the past decade provide several treatment options for invasive candidiasis. Drugs from the echinocandin class represent the most recent addition and have become a first-line (12, 27, 44) option for this disease (32) . One major advantage of these compounds is enhanced activity against the majority of emerging non-Candida albicans Candida species, especially Candida glabrata (36, 37, 38, 39) . These agents are, however, not equipotent against all Candida species. Candida parapsilosis represents the species least susceptible to the action of the echinocandins, with in vitro susceptibility that is 1 to 2 orders of magnitude less than that of other common Candida pathogens (30, 31, 37, 39, 41, 42) . Despite this in vitro potency difference, clinical trials have not identified species-specific differences in treatment outcome. In fact, analyses from these trials have failed to report a relationship between drug potency (MIC) and efficacy (22, 42) . However, accumulating case reports have illustrated the potential for on-therapy resistance development (17, 18, 20, 22, 23, 25, 28, 35) . Thus, it is clear that there are Candida infections for which echinocandin exposure associated with standard dosing regimens is insufficient for effective therapy. The exploration of PK-PD relationships for the efficacy of micafungin in patients with invasive candidiasis or candidemia using data from two phase 3 clinical trials (24, 34 ) and a previously developed population PK model (53) is described herein. Using Monte Carlo simulation, resulting PK-PD targets were used to evaluate potential susceptibility breakpoints for micafungin against Candida species.
MATERIALS AND METHODS
Data set. Data were gathered from two randomized, controlled phase 3 clinical studies with patients with invasive candidiasis or candidemia (24, 34) . Micafungin treatment in the trials consisted of regimens of 100 or 150 mg once daily for 14 to 56 days. Patients considered for the current analysis were those in the per protocol set, which included patients with a confirmed diagnosis of invasive candidiasis or candidemia who received micafungin for at least 5 days and who had a baseline Candida pathogen with a corresponding MIC value (n ϭ 493). Given the age range for patients from whom data were collected for a previously conducted population PK analysis for micafungin (53) , patients who were Ͻ13 years of age were excluded. Complete details of the design and conduct of each of these studies have been described elsewhere (24, 34) . The analysis data set was assembled using SAS (version 9.1.3) software (48) .
Estimation of drug exposure. The PK-PD index of interest in this evaluation was the ratio of the area under the plasma micafungin (total drug) concentrationtime curve over 24 h (AUC) to the MIC (AUC/MIC ratio). This PK-PD measure has been demonstrated to be descriptive of the efficacy of echinocandins, including micafungin, in animal model candidiasis studies (3, 6, 7, 8, 26, 54) .
Among patients from whom PK data were collected, steady-state AUC/MIC ratios were based on individual predicted AUC values determined using a previously developed population PK model (53) . A brief summary of the population PK model employed, which was developed in part using data from the patients described herein from whom PK data were collected and which was used for the determination of micafungin exposure, is provided below. In the case of patients from whom PK data were not collected, population mean predicted AUC values were determined using a covariate relationship between body weight and clearance (CL). A brief summary of the population PK model employed and the determination of micafungin exposure is provided below.
Using data pooled from four phase 2/3 clinical trials in which micafungin was evaluated in adult patients (n ϭ 364) who received micafungin at doses ranging from 12.5 to 200 mg infused over approximately 1 h each day (or 300 mg over 1 h administered every other day) for up to 7 days, a two-compartment model with zero-order input and first-order elimination was found to best describe the PKs of micafungin. Samples for PK analysis were typically collected on day 1 and at steady state. The population PK analysis was performed using the first-order conditional estimation method with -ε interaction in the NONMEM (version VI) program. Pharmacokinetic covariates were assessed using stepwise forward selection (␣ ϭ 0.05) and backward elimination (␣ ϭ 0.001) procedures. Population mean estimates of CL, the central and peripheral volumes of distribution (V c and V p , respectively), and distribution clearance (CL d ) were 1.05 liters/h, 10.2 liters, 10.3 liters, and 6.59 liters/h, respectively. Alpha-and beta-phase half-lives were estimated to be approximately 0.5 and 14 h, respectively. Interpatient variability for CL, V c , CL d , and V p were modeled using an exponential model (assuming that these parameters are log-normally distributed) and were estimated to have coefficients of variation (CV) of 36.0, 28.3, 84.5, and 50.5%, respectively. Residual variability was estimated using a proportional error model and was estimated to have a CV of 19.3%. The covariate assessment revealed a statistically significant relationship between CL and body weight (P Ͻ 0.0001). Patients weighing at least 100 kg had CL values that were approximately 30% higher than the CL for the overall population, while patients weighing Ͻ45 kg had CL values that were approximately 30% lower than the mean CL for the overall population. No statistically significant relationships in micafungin PKs and any clinical laboratory parameter or disease-related characteristics were detected (53) .
Using the Bayesian PK parameter estimates obtained from the above-described population PK model, individual predicted total micafungin concentrations were generated every 6 min (0.1 h) during the 24-hour dosing interval at steady state for each patient. The steady-state 24-hour AUC was calculated by the linear trapezoidal rule using the individual predicted total micafungin concentration-time data.
The relationship between body weight and CL described above was also used to generate a population mean predicted steady-state AUC value (i.e., including additional intersubject variability not described by body weight) for all patients using Equation 1. (1) where dose is in mg and weight is in kg.
The use of population mean predicted steady-state AUC values as a surrogate measure of Bayesian steady-state AUC values in the PK-PD analyses described below was evaluated for those patients from whom PK data were not collected. Using the previously described population PK analysis data set containing data for 364 patients (53) , measures of bias and precision were used to assess the appropriateness of the population PK model and covariate relationship to predict steady-state AUC. This was accomplished by examining the distribution of the percent prediction errors (PEs) and ԽPEsԽ, respectively (49) . The % PE was calculated as the population mean predicted AUC minus the individual predicted AUC multiplied by 100 and then divided by the individual predicted AUC, while Խ% PEԽ was calculated as the absolute value of % PE.
PK-PD analyses. The dependent variables considered for univariable and multivariable PK-PD analyses for efficacy included the clinical and mycological responses at the end of treatment. The independent variables considered included the following: AUC/MIC ratio and MIC for baseline pathogens and patient demographics, such as age, body weight, APACHE II score, baseline Candida organism, and other available variables of clinical importance, including baseline neutropenia, history of corticosteroid use, history of a hematopoietic stem cell transplant, history of a solid organ transplant, renal failure, malignancy, HIV infection, diabetes, and presence of a central venous catheter at baseline. Definitions for these variables have been previously reported (24, 34) . Since nonclinical findings suggest that PK-PD targets are variable for different Candida spp. (9) , analyses were also conducted by species.
PK-PD analyses were performed using SYSTAT software, version 11.0 (Richmond, CA) (51), and R software, version 2.4.1 (45) . Initial exploratory analyses for clinical and mycological responses were conducted to identify relationships between response and independent variables. For continuous independent variables such as AUC/MIC ratio and MIC, exploratory analyses included the examination of the relationship between a successful response and each dependent variable among patients categorized by increasing ranges of AUC/MIC ratio or MIC value (e.g., quartiles) and using classification and regression tree (CART) analysis to identify thresholds for values that distinguish cohorts with the most impressive differences in response with respect to minimized residual deviance. In addition, breakpoint pairs that split continuous independent variables into three groups were assessed to investigate potential nonlinearity, with an optimal pair chosen on the basis of that which achieved the greatest statistical significance in the likelihood ratio P value when logistic regression was used to compare three groups of at least 10 patients in each group.
Univariable analyses, which consisted of the chi-square or Fisher's exact test for categorical independent variables and logistic regression for continuous independent variables, were used to identify factors associated with clinical and mycological responses. Continuous independent variables were evaluated as such and also as categorical variables, as identified on the basis of exploratory analyses.
Multivariable logistic regression models were constructed with forward inclusion of independent variables (␣ ϭ 0.1) for each dependent variable. If the degree of concordance between dependent variables was high, multivariable analyses were limited to the dependent variable manifesting the strongest univariable relationship with the AUC/MIC ratio. Models based on forward inclusion instead of those based on backward elimination were constructed, since parameter overfitting among starting and interim models was anticipated during the backward elimination process. In order to reduce overparameterization and construct parsimonious multivariable models that contained the number of independent variables recommended by Hosmer and Lemeshow (21), a stringent exclusion and inclusion criterion (␣ ϭ 0.05) was used in the forward stepwise procedure. Candidate independent variables for model inclusion were chosen on the basis of significance of univariable associations with response (P Յ 0.20). Separate sets of models, in which a given independent variable was considered continuously or categorically, were evaluated. In addition to the above-described considerations, discrimination among candidate final multivariable models was also based on clinical judgment, including the utility of certain independent variables.
Model-predicted probabilities of successful response relative to observed proportions of successful response were assessed for cohorts of patients described by the independent variables included in the final multivariable logistic regression models. Continuous independent variables were categorized using the univariable CART-derived breakpoints for the purpose of computing observed propor-2114 ANDES ET AL. ANTIMICROB. AGENTS CHEMOTHER.
tions of successful response for combinations of categories. Model-predicted probabilities within cohorts were averaged among the patients in each cohort. Prediction of PK-PD target attainment. Using AUC/MIC ratio targets derived from the PK-PD analyses, Monte Carlo simulation was conducted to evaluate the probability of PK-PD target attainment by fixed MIC values for simulated patients receiving micafungin at 100 mg every day. PK-PD target attainment analyses, which were conducted using a 10,000-patient population simulation, were performed using the R program, version 2.4.1 (45) . Simulated patient body weights were selected from the observed weight distribution for all evaluable patients. Population mean predicted steady-state AUC was calculated using the covariate relationship between body weight and CL (53) .
RESULTS
Data set. The final data set for the per protocol population contained 493 evaluable patients with 515 Candida organisms isolated at baseline. The demographic and clinical characteristics of these patients are provided in Table 1 .
Species and MIC distribution. MIC distributions by Candida species are shown in Table 2 . When the MIC distribution for C. parapsilosis was compared to that for C. albicans, one can see that the MIC 50 value was 7-to 8-fold higher in doubling dilution steps. The differences in the MIC distributions for C. parapsilosis and those for C. tropicalis and C. glabrata were similarly marked.
Estimation of drug exposure. As shown by Fig. 1 , there was good agreement between the individual and population mean predicted steady-state AUC values based on the data from the 364 patients in the population PK analysis data set; the coefficient of determination for this relationship was 0.71. Given the strength of the relationship between individual and population mean predicted values and reasonable measures of median bias (PE ϭ Ϫ1.49%) and precision (ԽPEԽ ϭ 18.1%), the use of population mean predicted steady-state AUC values for patients from whom no PK data were available was considered a reasonable approach for the PK-PD analyses.
The distribution of micafungin AUC/MIC ratio by Candida species is shown in Table 2 . Just as with the MIC distribution differences noted among Candida species, the median AUC/ MIC ratio for C. parapsilosis was lower than the ratios for C. albicans, C. tropicalis, and C. glabrata.
PK-PD analyses. Mycological and clinical success rates were 89.4% (439/491 patients) and 90.9% (447/492 patients), respectively.
Selected results for the univariable evaluation of factors associated with mycological response based on data for all evaluable patients with Candida species and the non-C. parapsilosis and C. parapsilosis populations are provided in Table 3 . Univariable evaluation for factors associated with mycological response revealed a significant relationship between treatment response and AUC/MIC ratio when they were evaluated categorically as a three-level group variable (P ϭ 0.005). The impact of MIC on mycological response also appeared to be important, with the univariable relationship nearly reaching statistical significance (P ϭ 0.07). Despite the significant and borderline-significant univariable relationships observed for both AUC/MIC ratio and MIC and mycological response, respectively, the evaluation of AUC alone failed to reveal similar such relationships. However, as reflected by the P values for each of these variables, the association with mycological re- a AUC/MIC ratios were based on AUC values that were calculated using individual predicted steady-state AUC values for patients for whom PK data were collected and population mean predicted steady-state AUC values for patients for whom PK data were not collected.
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PKs-PDs OF MICAFUNGIN FOR INVASIVE CANDIDIASIS 2115 sponse was the strongest for the AUC/MIC ratio which considered MIC in the context of AUC. The percentage of mycological success was higher for patients with AUC/MIC ratios of Ͼ3,000 to Յ12,000 than those with AUC/MIC ratios of Յ3,000 (98.0% versus 85.1%). However, patients with AUC/MIC ratios of Ͼ12,000 had a lower percentage of mycological success (88.1%). A similar relationship between AUC/MIC ratio and clinical response was evident (P ϭ 0.09). The percentage of clinical success was also higher for patients with AUC/MIC ratios of Ͼ3,000 to Յ12,000 than for patients with AUC/MIC ratios of Յ3,000 (96.1% versus 91.2%). Just as with the mycological response, the percentage of clinical success was lower for patients with AUC/ MIC ratios of Ͼ12,000 (88.8%). Given the concordance between clinical and mycological responses (see the information in the supplemental material) and the stronger PK-PD relationship for mycological response (P ϭ 0.005), multivariable analyses were limited to this dependent variable. In the same population, the influence of MIC on mycological response using CART analysis demonstrated a breakpoint of 0.5 mg/ liter. The percentage of mycological success was higher for patients with Candida species with MIC values of Ͻ0.5 mg/liter than for those with MIC values of Ն0.5 mg/liter (90.5% versus 83.1%, P ϭ 0.07).
In addition to above-described univariable relationships for mycological response, significant relationships were also evident for APACHE II score and history of corticosteroid use. While the presence of a central venous catheter at baseline was expected to be an important predictor of response, reliable catheter management data were not available to assess for the presence of such a relationship. Results of univariable evaluation for the group with C. parapsilosis isolated at baseline also demonstrated the influence of the AUC/MIC ratio on mycological response. The percentage of mycological success was higher for patients with AUC/MIC ratios of Ն285 than those with AUC/MIC ratios of Ͻ285 (100% versus 82.0%, P ϭ 0.11). Given the borderline significance of this relationship and the limited sample size of this group, multivariable analyses were not conducted. Results of univariable analysis excluding the C. parapsilosis group were similar to those for the entire Candida population (Table 3 ) and were subjected to multivariable analyses. The similarity in the thresholds for the AUC/MIC ratios defining subgroups of each of the two three-group variables suggested a lack of influence of data from patients with C. parapsilosis at baseline. Table 4 shows factors associated with mycological response for three multivariable logistic regression models. Models 1 and 2 were based on data for all evaluable patients and model 3 was based on data for patients with non-C. parapsilosis infections. In addition to the AUC/MIC ratio three-group variable, two host factors were retained in each of the models presented. However, the AUC/MIC ratio categorized variable was the most predictive of mycological response for each model. As shown by model 2, when micafungin exposure (AUC) was excluded from the evaluation, MIC was retained in the model with the same independent variables as in model 1: APACHE II score and history of corticosteroid. The odds of mycological success were greater than 2-fold higher for patients with MIC values of Ͻ0.5 mg/liter than for patients with MIC values of Ն0.5 mg/liter. The statistical significance of all three independent variables in models 1 and 2 was similar.
As with the multivariable logistic regression models based on data for all evaluable patients with Candida species, an AUC/MIC ratio three-group variable was found to be predictive of mycological response on the basis of data from patients with non-C. parapsilosis infection (model 3). In addition to AUC/MIC ratio, APACHE II score and history of corticosteroid use were retained in the model. Figure 2 shows the assessment of model performance for the multivariable logistic regression models by comparing model-predicted probabilities and observed proportions of mycological success as a function of individual cohorts of patients described by the independent variables included in each of the models. As can be seen by this graphical comparison, the agreement between model-predicted probabilities and observed proportions of mycological success was strong, especially for cohorts of limited sample size, in which observed proportions have inherently large variability. Prediction of PK-PD target attainment. The distributions for body weight and population mean predicted steady-state AUC in the evaluable and simulated patient populations based on the PK-PD target attainment analysis were comparable (see the information in the supplemental material). Table 5 shows the probability of PK-PD target attainment by MIC value for the AUC/MIC targets identified in the univariable PK-PD analyses for simulated patients receiving micafungin at 100 mg every day. PK-PD targets evaluated for all Candida species and non-C. parapsilosis were based on the lower threshold for the AUC/MIC ratio range associated with higher proportions for mycological success (the thresholds were 3,000 for all Candida species and 5,000 for Candida species excluding C. parapsilosis). In addition to these PK-PD targets, the probability of attaining an AUC/MIC ratio of 285, the CART-derived breakpoint identified for C. parapsilosis, was also evaluated. As shown in Table 5 , the probability of PK-PD target attainment based on an AUC/MIC ratio target of 3,000 was 0.767 for simulated patients with isolates with MIC values of 0.03 mg/liter. For an AUC/MIC ratio target of 285, high probabilities of PK-PD target attainment were achieved for MIC values of Ͻ0.5 mg/liter.
DISCUSSION
Candida species are the most common systemic fungal pathogens in humans and cause a disease spectrum ranging from mucosal to systemic infections. Invasive candidiasis has high attributable mortality, especially in immunosuppressed patients. The addition of the echinocandin class of antifungals marks a significant advance in therapy of these diseases, having enhanced safety and efficacy profiles compared to those of previously available antifungal therapies. However, as with the other available antifungal therapies, the echinocandins exhibit variable in vitro potency against different fungal species, and accumulating case reports have illustrated the potential for resistance development on therapy (17, 18, 20, 23) . Thus, it is clear that there are Candida infections for which echinocandin exposure following standard dosing regimens is insufficient for effective therapy. Understanding the relationship between echinocandin exposure, measured by the AUC/MIC ratio, and response should aid in identification of susceptibility breakpoints that are more predictive of outcome and guide optimal antifungal treatment strategies.
The MIC distribution of the echinocandin class is relatively similar against most Candida species. The species for which in vitro potency is reduced is C. parapsilosis. Most isolates are 50-to 100-fold less susceptible to the echinocandins than other common Candida species. Nonetheless, clinical trials have demonstrated their effectiveness for management of both mucosal and systemic candidiasis caused by each of the common Candida species, including C. parapsilosis (24, 29, 34, 46) . Furthermore, reports from these large trials have failed to demonstrate a relationship between in vitro susceptibility and treatment efficacy. However, the ability of individual trials to discern this relationship has been limited, likely due to the narrow range of MIC values for study isolates, very few isolates with higher MIC values, and frankly, the limited pharmacodynamic approaches considered in analysis.
Given the above-described limitations, consideration of additional data are required in order to be able to define susceptibility breakpoints for the echinocandins and Candida species. As advocated by the Clinical and Laboratory Standards Institute (CLSI), clinical outcome relative to MIC, the results of experimental and clinical PD analyses, and MIC distribution data should be considered parts of a "blueprint" for defining susceptibility breakpoints (42, 43, 47) .
The evaluation of the clinical PDs of one echinocandin, micafungin, is the focus of the current report. The specific goal of the present study was to determine the relationship between micafungin exposure indexed to the MIC and response for patients with invasive candidiasis or candidemia. In addition, we explored these relationships in the context of other response modifiers of demonstrated importance for outcome in this disease state. While micafungin treatment outcome was influenced by MIC, the AUC/MIC ratio demonstrated a stronger observed association with mycological response. Interestingly, univariable analyses for mycological response evaluating MIC as an independent variable using data for patients with infections arising from all Candida species or the results of Monte Carlo simulations based on an AUC/MIC ratio target of 285 suggested that a MIC breakpoint of Ͻ0.5 g/ml was predictive of response for the entire Candida population.
The AUC/MIC ratio category associated with reduced mycological efficacy in these clinical analyses for Candida species was a value of less than 3,000. Interestingly, this is very similar to the value identified for treatment effect in the neutropenic murine disseminated candidiasis model for C. albicans (8, 9) . The same animal model PD studies also suggested that while the MIC was a relevant predictor of outcome, the amount of echinocandin relative to the MIC (AUC/MIC ratio) that was needed for treatment effect was not consistent among Candida species. The AUC/MIC ratio associated with efficacy was 7-fold lower for C. parapsilosis than C. albicans. This previously identified difference was in part the basis for exploration of the impact of Candida species, in addition to other host and disease variables, on the PK-PD relationships for efficacy in the current investigation. Among the factors evaluated, Candida species had a marked influence on mycological response in a manner similar to that found in the experimental models. The lower threshold of the range for the AUC/MIC ratio associated with efficacy among patients with any type of Candida species b AUC/MIC target based on the univariable analysis for patients with any Candida species isolated at baseline.
c AUC/MIC target based on the univariable analysis for patients with non-C. parapsilosis isolated at baseline.
relative to that for patients with C. parapsilosis was 7.8-fold higher (3,000 versus 285).
The reason for these species differences described herein is not entirely clear. However, previous animal model and clinical epidemiologic studies have suggested that C. parapsilosis is a less fit or virulent species than other commonly encountered Candida species (10, 33, 52) . In effect, the lower fitness or virulence of the C. parapsilosis group of organisms may be associated with a reduction in the treatment hurdle (9) . Perhaps these observations should not be surprising, given the demonstrated relevance of species-specific susceptibility breakpoints for antibacterial agents. For example, the free fluoroquinolone AUC/MIC ratio associated with efficacy for Streptococcus pneumoniae is near 25, while that for Gram-negative bacilli is nearly 4-fold higher (2, 4, 5) . The lower micafungin AUC/ MIC ratio target for C. parapsilosis than for other Candida species in experimental studies (9) and on the basis of the current clinical analysis suggests consideration of species-specific echinocandin susceptibility breakpoints and lower values than are currently approved by CLSI (42) .
In addition to the difference in the magnitude of PK-PD targets between C. parapsilosis and non-C. parapsilosis species, another interesting finding of the current analysis is the identification of an inverted U-shaped relationship between micafungin exposure and response. A region of the distribution for AUC/MIC ratio which was associated with optimal efficacy was identified, with exposures above or below this region being associated with reduced rates of response. This inverted U phenomenon has been observed in numerous antimicrobial PK-PD clinical analyses and points to the complexity of these disease processes (1) . The basis for this phenomenon remains unclear. For the echinocandin drug class, one hypothesis of interest is a paradoxical effect (less drug activity for very high concentrations). While this phenomenon has been observed with some fungal strains in experimental models (50) , most in vivo studies have not made this observation. Furthermore, a clinical description of this effect has not been reported. Thus, this explanation appears to be unlikely. We investigated differences in host, organism, and disease factors by AUC/MIC ratio range to explain this nonintuitive finding. As would be expected, there was a higher prevalence of Candida species with lower MIC values, most of which were C. albicans, in the higher AUC/MIC ratio group. Despite the differences in prevalence of Candida species by AUC/MIC ratio group, the Candida species group failed to have a significant impact on outcome and, thus, did provide a sufficient explanation for the phenomenon. Differences in response for other factors by AUC/MIC ratio group were not observed. Further understanding of this phenomenon will be an important goal for future studies.
A second objective of this analysis was to evaluate potential susceptibility breakpoints for micafungin against Candida species using Monte Carlo simulation and PK-PD targets resulting from the PK-PD analyses for efficacy described herein. Such an approach, which accounts for the variability in PKs and which uses the best available PK-PD data (nonclinical or, when available, clinical), is advocated by groups such as the CLSI (13) and the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (16) and provides a basis to develop susceptibility test interpretive criteria. The results of analyses based on these methods have been the identification of PK-PD MIC cutoff values (43, 47) . As described previously, such cutoff values have been used together with clinical outcome statistics by MIC value and MIC population descriptive statistics to support decisions for susceptibility breakpoints for bacterial organisms.
The approved micafungin regimen for treatment of invasive candidiasis or candidemia is 100 mg/day. If one considered the lower threshold of the range for the AUC/MIC ratio associated with efficacy for the entire population (AUC/MIC ratio Ͼ 3,000), PK-PD target attainment analyses would suggest that the majority of patients would achieve this goal with organisms for which the MIC is Ͻ0.06 mg/liter. However, if one considered the lower AUC/MIC ratio target for efficacy identified for the C. parapsilosis cohort (AUC/MIC ratio Ͼ 285), the target would be expected to be attained for organisms with MIC values as high as 0.5 mg/liter. Both of these PK-PD MIC cutoff values fall below the current CLSI breakpoint of 2 mg/liter established for all Candida species. However, it is important to note that large susceptibility surveillance studies demonstrate that micafungin MIC values for more than 90% of strains are below the species-specific PK-PD MIC cutoff values identified in these analyses. In fact, only 10% of micafungin MIC values for the wild-type C. parapsilosis population would occur above the MIC value of 0.5 mg/liter (36) . Despite the low prevalence of MIC values above each of the above-described PK-PD MIC cutoff values, the relationship between micafungin clearance and weight suggests that use of higher micafungin doses in heavier patients with Candida MIC values above the PK-PD MIC cutoffs would allow a higher probability of success. Further evaluation of potential micafungin dosing strategies in this patient population may be warranted.
As with other agents within the same mechanistic class, recent investigations of nonclinical data have shown that the PK-PD target is similar among the echinocandin agents (9) . PK-PD analyses for efficacy for each of the echinocandins based on clinical data would be of great value in demonstrating the applicability of nonclinical PK-PD targets. However, in the absence of such data and using the above-described clinical AUC/MIC ratio targets of 3,000 and 285 for micafungin adjusted for protein binding of 99.75% (19, 55) , free-drug AUC/ MIC ratio targets of approximately 7.5 and 0.7 would be derived. When one assumes protein binding estimates of 99 and 97%, respectively, for currently approved dosing regimens for anidulafungin (100 mg/day) and caspofungin (50 mg/day) for the treatment of Candida infections (27, 44) and using average 24-hour AUC values derived from healthy volunteers (112 and 98 mg ⅐ h/ml, respectively), free-drug AUC values would be 1.12 and 2.94 mg ⅐ h/ml, respectively. Without accounting for PK variability and using the free-drug AUC/MIC ratio target for C. albicans identified in the current clinical analysis (7.5), PK-PD MIC cutoff values of 0.12 and 0.25 mg/liter, respectively, are derived. The PK-PD MIC cutoffs for C. parapsilosis would be 1.0 and 2.0 mg/liter, respectively, assuming a freedrug AUC/MIC ratio target of 0.7. Thus, the PK-PD MIC cutoffs appear to be relatively similar for drugs within the class, as would be expected on the basis of the PK-PD targets identified using experimental models (9) . Since species-specific differences are likely relevant for all drugs within the echinocan-VOL. 55, 2011 PKs-PDs OF MICAFUNGIN FOR INVASIVE CANDIDIASIS 2119 din class, reassessment of the current CLSI breakpoint for this class against Candida species is needed. In summary, these studies demonstrate a relationship between echinocandin exposures (AUC), MIC, and efficacy. More specifically, the results identify the clinical PD target required for micafungin efficacy for invasive candidiasis or candidemia and suggest differences in the AUC/MIC ratio target among Candida species. Results of exploration of the mechanistic basis for the differences in the PK-PD targets for efficacy for echinocandins against Candida species may have implications for treatment with other antifungal drugs.
